ABSTRACT. We report a practical system to mass-produce accelerator mass spectrometry (AMS) targets with 10-100 µg carbon samples. Carbon dioxide is reduced quantitatively to graphite on iron fibers via manganese metal, and the Fe-C fibers are melted into a bead suitable for AMS. Pretreatment, reduction and melting processes occur in sealed quartz tubes, allowing parallel processing for otherwise time-intensive procedures.
INTRODUCTION
Much interest exists in refining methods for 14C analysis of small samples (Monk 1984; Sellschop 1987; Vogel 1995) . Methods currently used for the production of AMS targets are most applicable to carbon samples larger than 100 µg (e.g., Polach 1984; Vogel et a1.1984; Jull et al. 1986; Vogel, Nelson and Southon 1987; Slota et al. 1987; Slota and Taylor 1989) . Below 100 µg, catalytically produced graphitic targets become progressively more difficult to mount and have less predictable stabilities and lifetimes in AMS ion sources. Dilution of small samples with CO2 or graphite of known 14C composition has been attempted to extend the sample size range downwards, but this technique suffers from added technical requirements and larger blank uncertainties. 14C analyses are limited in part by mass/isotopic variabilities in the blank, and most laboratories assume a constant addition of modern carbon equivalent (e.g., Kirner, Taylor and Southon 1995; McNichol et al. 1995) . This is acceptable for larger, near-modern samples, but inappropriate for smaller samples when procedural blank levels become a significant fraction of the total signal (Currie 1994 (Currie , 1995 . In these cases, mass and isotopic characteristics of the procedural blank are needed for accurate signal corrections. While several promising batch methods have been reported recently for the mass production of small AMS targets (e.g., Wilson 1992; Vogel 1992; Kitagawa et a1.1993) , procedural blank levels and variability have been reported as limiting factors.
The method described is based upon the Fe-C beaded target approach (Verkouteren et al. 1987) , the targets from which are comparable with those of graphite in beam intensity, stability and longevity (Klinedinst et al. 1994) . The major chemical modification is the use of manganese instead of zinc as the reducing agent for CO2. This substitution has allowed the development of an isothermal, closed-tube, batch process approach. As a substitute for zinc, manganese is a stronger reducing agent yet not so electropositive as to reduce CO to elemental carbon. Graphite production requires a reduction temperature of 450-650°C, and the vapor pressure of manganese (as opposed to zinc) is very low in this temperature range (Desai 1987) . This property permits high temperatures for system pretreatment and outgassing of blank carbon without volatilizing the reagents. Packing all necessary reagents into a low-volume closed tube achieves higher system pressures, thereby improving reduction rates (Verkouteren and Klouda 1992) . In this system, hydrogen is unnecessary for the reduction.
We designed experiments to explore the feasibility of the Mn-Fe reduction system. Reductions were performed only at 500°C, a temperature below the 600-650°C range commonly used for reductions, but which favors low-hydrogen (i.e., low methane by-product) reduction chemistry in Table 1 ; cf. Olsson and Turkdogan 1974) . Chemical and isotopic (13C and 14C) system blanks and standards were characterized, and sample reductions were quenched at various times to measure changes in chemical and isotopic compositions. tM = Transition metal catalyst; iron fibers were used in this study.
METHODS

Pretreatment
As illustrated in Figure 1 , iron fibers (FibrexTM, National Standard Co.)1 and manganese metal (99.99%, Johnson Matthey) were placed into annealed quartz tubes (4 mm inner diameter x 6 mm outer diameter, 25 cm long), then evacuated and sealed with 500 hPa H2 (99.999%). The tubes were then heated at 300°C for up to 7 d. This treatment fully reduced the iron and hydrogenated some blank carbon for removal. Just before a CO2 sample was introduced, a tube was opened in a cracker, evacuated and torch heated to about 600°C.
Procedural Blank Characterization
Twenty tubes, pretreated and containing various amounts of Fe, Mn and H2, were sealed without sample (Table 2) ----above (±)
*Combined standard uncertainty of measurements (ISO 1993; Taylor and Kuyatt 1994) .
Bred milligrams of CuO wire was added to each tube, then each was evacuated, resealed and heated in a furnace for 6 h at 900°C to produce the procedural blank as CO2. Several cryogenic distillations were performed to remove water; during the first distillation, tubes were heated to 250°C for 2 min with a heat gun to decompose any CuCO3 (cf. Engel and Maynard 1989) . Blank CO2 was manometrically quantified and analyzed by stable isotope ratio mass spectrometry. The carbon contents of our untreated iron and manganese reagents were also determined using a commercial dynamic-flow furnace and coulometer (UIC, Models CM5120 and CM5012) . Results of chemical and isotopic measurements on reagents and other potential sources of carbon blanks are displayed in Table 3 . 
Reduction of Standards and Chemical Analysis
Carbon dioxide was generated by heating 20 mg of Standard Reference Material (SRM) 4990C (new oxalic acid: HOxII) with 0.5 g of CuO at 900°C for 6 h, followed by two cryogenic distillations. Twelve quartz tubes, each containing 10 mg Fe and 300 mg Mn, were pretreated for 3 d. In turn, samples of CO2 were added (10 µg or 100 µg C), and, for six of these tubes, 50 hPa (50 mbar) of H2 was added before resealing (Table 4 ). The tubes were heated in a furnace at 500°C for 3, 6, or 15 h, then cracked open into a calibrated volume connected to a partial pressure analyzer to determine the amounts and distributions of carbon in the residual gases (Verkouteren and Kiouda 1992) .
Pertinent chemical equilibria, with equilibrium constants at 500°C, are listed in Table 1 . After partial pressure analysis, the carbonized iron was oxidized with CuO, and the resulting CO2 quantified and isotopically characterized as described under "Procedural Blank Characterization."
Isotope Ratio Mass Spectrometry
Isotopic compositions are expressed using the delta (S) notation,
Rstd where nR values are molecular or atomic isotope ratios in sample (sam) and standard (std) materials (Hut 1987) . A factor of 1000 allows the S values of the samples to be expressed as per mil (%o) relative deviations from the specified standard. For CO2 measurements, the pertinent atomic isotope ratios are 13C/12C (n =13) and 180/160 (n =18).
The accepted b13CVPDB value for CO2 quantitatively derived from HOxII is -17.8 ± 0.2%o (Mann 1983) . The samples of CO2 were isotopically measured using the cryogenic microvolume inlet sys- as CH4 = Mass of carbon as methane in residual gas after reduction period. as CO = Mass of carbon as carbon monoxide in residual gas after reduction period. as CO2 = Mass of carbon as carbon dioxide in residual gas after reduction period.
Graphite, m = Observed mass of deposited graphite on iron fibers, manometrically measured as CO2 after combustion. Graphite, m = Mass of deposited graphite on iron fibers, manometrically measured as CO2 after combustion and corrected for blank contributions (Eq. 9).
All S13C values are relative to VPDB; 613Coon values are corrected for blank contributions (Eqs. 9-12).
Total carbon accountable = sum of carbon masses as CH4, CO, CO2 and mm divided by initial carbon, as percent (%).
(0.5%o, u),2 since the CO2 could not be measured using pure viscous flow through the capillaries. Our working standard was related to CO2 generated from the NBS19 limestone Reference Material (RM 8544); numerical methods for converting CO2 isotopic measurements to b13CVPDB values were made according to international conventions (Gonfiantini 1981; Allison, Francey and Meijer 1995) .
Accelerator Mass Spectrometry
Using Fe-Mn chemistry with 7-day pretreatments and non-H2 reductions, a series of AMS targets was made from SRM 4990B (old oxalic acid: HOxI), SRM 4990C and NBS-21 (graphite). Carbon masses varied from 3 .tg to 115 .tg (Table 5 ). The Fe-C fibers were melted into beaded targets under helium by a 1 min exposure at 1600°C in a tube furnace. Measurements were made at the University of Arizona AMS facility; the operating protocol was normal (Donahue et a1.1997) 
Blank Corrections of Samples
To model the chemical and isotopic compositions (and uncertainties) of the blank used for corrections to the observed sample compositions, we utilized appropriate subsets of blank carbon data.
Uncertainties in reported values of mR, S13Corr (Table 4 ) and fM(R) (Table 5) were determined by Monte Carlo methods (Hammersley and Handscomb 1964; Verkouteren and Klouda 1992) rather than standard propagation formulae in order to compensate accurately for the lognormal chemical blank distributions and to avoid artifacts that arise when blank levels are a significant fraction of the total signal (Currie 1994 (Currie , 1995 ISO and NIST conventions (ISO 1993; Taylor and Kuyatt 1994) . Briefly, the standard uncertainty (u) = estimated standard deviation of a particular measurement. 3The "standard deviation", or shape parameter of a lognormal distribution, which aptly describes blank variability, becomes increasingly asymmetric about the central mean as that mean approaches zero. Table 5 ). While we would expect mass, S13C and fM of the blank to be interrelated, we treated fM(blk) as an independent variable, and modeled fM(blk) as a lognormal distribution with central mean fM = 0.8 and standard deviation = 0.3, a wide distribution but consistent with the available data (for further discussion, see "Isotopic Characterization of Procedural Blank"). The fM(n) values (and uncertainties) for the samples were then calculated using Equation 13 (and Monte Carlo techniques), where 1 = mblk / [moon + mblk], mS, was the measured mass of carbon in the sample (before reduction), and mblk was the mass of blank pulled randomly from a lognormal distribution with central mean of 1.44 µg and standard deviation of 0.50 µg: Scatterplots of data contained in Table 2 are illustrated in Figure 2 . While the results are visually compelling, effects on carbon blank mass level and variability were also estimated using factorial screening (Box, Hunter and Hunter 1978) . The average level of the blank was strongly influenced only by the pressure of hydrogen in the reduction tube. Although only two blanks were prepared with H2 = 50 hPa, these were two of the three largest blanks observed (higher than untreated iron, Table 3 ). There were several possible sources for the procedural carbon blank associated with our hydrogen-assisted reductions (e.g., trace CO2 in H2 cylinder; CO2 outgassing from transfer lines), but these were not pursued. Rather, we decided to avoid the use of hydrogen in order to achieve a lower average blank and to minimize the formation of yield-reducing methane, and pursued factor effects that influenced the variability of the blank. For this purpose, pertinent response variables were derived from the variance of blank carbon levels at discrete factor levels. Pretreatment time was divided into three levels (0-1 d, 3 d and 7 d) and manganese amount was split into four levels (0 mg, 90-110 mg, 170-230 mg and 280-310 mg). The standard deviation of observed blank carbon at each of these levels was subjected to factor effect analysis. With respect to pretreatment time levels, blank variabilities significantly decreased with longer pretreatments. The hydrogenation (and removal) of blank carbon from the reagents is a plausible explanation for this observation. During combustion, untreated iron (per 10 mg) released 1.8 ± 0.7 µg C, whereas untreated manganese (per 100 mg) released 0.46 ± 0.12 µg C (Table 3 ). Relative to the iron, manganese was an insignificant source of the observed procedural blank.
Isotopic Characterization of Procedural Blank
Stable isotopic analysis of blank carbon demonstrated that b13CVPDB was dependent upon mass, suggesting at least two significant blank sources. The smallest blanks (<1 µg C per 10 mg iron) had b13C,J DB values of -30%o ± 1%o, designated as the "base" composition of carbon within the iron fibers. When reciprocal mass was plotted against b13CVPDB (Fig. 3) , the intercept b13CVPDB value equaled -279% ± l%o (u), designated as the "ancillary" source composition. One plausible explanation for this observed mass dependence is that the base carbon blank was associated intrinsically with the iron, while the ancillary blank was introduced during the procedure.
The 14C abundances of the blank sources were investigated through AMS measurements on two target holders (B24, B25), two blank Fe beads (B22, B23) and two Fe-C beads made from 3 µg (S21) Table 2. and 93 µg (S20) NBS-21 carbon (Table 5 ). The results indicate that the procedural blank carbon was variable not only in mass and S13C, but also in 14C signature. For all but the 93 µg NBS-21 sample, 14C count rates were very low, leading to Poisson-limited combined uncertainties of 17-51% on blank fM estimates. The two blank beads afforded determinations not possible with graphic targets, in that beam geometry and the target matrix was maintained without sample carbon. Measurements indicated significantly different fM values for the blank: variation ranged from fM = 0.33 ± 0.17 (B22) to fM =1.09 ± 0.23 (B23). The results from the NBS-21 samples also provided a range of possibilities. For S20: a contemporary blank (fM =1.3) of 1.7 µg C (with uc = 0.4 µg C), a modem blank (fM =1.0) of 2.2 µg C (with uc = 0.6 µg C), or a semimodern blank (fM = 0.50) of 4.5 µg C (with uc =1.2 µg C). For S21: a contemporary blank of 4.7 µg C (with u = 2.8 µg C) or a modern blank of 10.8 µg C (with uc = 7.8 µg C). No unique 14C composition for the blank consistently fit the data; rather, our measurements indicated an fM range from 0.3 to 1.3; hence, corrections for the procedural fM blank assumed a distribution with mean = 0.8 and standard deviation = 0.3.
Chemical and 8'3C Trends in 10.tg Samples Deposited carbon reduction yields varied from 60% to 96% (Table 4 , samples Si to S6). The predominant carbonaceous gas after reduction, at all reduction time levels, was CH4. With trace H2 the s13CVPDB values of the "base" and "ancillary" blanks are -30 ± 1% and -27 ± 1%, respectively (see text).
present, the amount of generated CH4 corresponded to ca. 0.2-0.3 µg C equivalent and was independent of reduction time, whereas with 50 hPa H2 present, the amount of CH4 formed was 1.0-1.4 µg C with a strong dependence on reduction time. The measurements of the chemical carbon inventories for the six reduction tubes indicated that a small amount of carbon, 0-3 µg, was unaccountable after the reduction. This amount of carbon may have been lost during the physical removal of the manganese by dislodgment of graphite from the iron. Another loss mechanism may be the formation of graphite on the manganese, since strongly electropositive impurities of Al (0.001%) and Mg (0.001 %) were reported in the manganese by the supplier.
Isotopic (813C) analysis of deposited graphite (Table 4 , samples Si to 56) indicated that carbon losses at the 10 µg sample level did not significantly alter the isotopic compositions of the targets, and that their isotopic compositions reflected those of the original samples within 0.5% (blank-corrected 813C values were within 0.3%). 14C analyses of 12-115 µg C beaded standard targets were also performed (see "AMS Analysis of Standards" for discussion).
Trends in 100 tg Samples Chemical Yields
Measurement data for 100 µg samples are summarized in Table 4 (samples 57 to 512). The chemical data are also displayed in Figure 4 , where we show changes in the abundances of carbonaceous species during the reduction. Dotted and dashed curves follow reductions that included 50 hPa H2, whereas solid curves mark reductions without hydrogen. In all cases, graphite yields were higher for non-H2 reductions; the difference in yields seems due to the production of CH4, a product of Equa- (Table 4 , samples S7-S12), and data points are connected by spline curves. Error bars denote standard uncertainty (u). Solid curves identify H2-free reductions, whereas dotted and dashed curves identify reductions that used 50 hPa H2 (See text.)
tions 5-6 (Table 1) . A small but significant amount of CH4 was detected after the non-H215 h reduction (Sample 512, Table 4 ), expected from slow in situ hydrogen production by decomposition of trace water vapor (Eqs. l and 6, Table 1 ). Another interesting feature in Figure 4 is the behavior of CO2. The abundance of CO2 drops quickly in the first 3-4 h, but then rises slightly before slowly tailing back down. We believe the initial drop is explained by Equation 2 (Table 1) , where CO2 is directly converted to CO. After the CO abundance increases, graphite and CO2 are produced through Equation 3 (Table 1) ; this "recycled" CO2 is converted again to CO to drive the reduction cycle forward, where CO2 is recycled in progressively smaller quantities.
Figure 4 also records the advent and disappearance of "missing" carbon (denoted as "?"). For one sample (S7: 3 h with H2), the inventory of carbonaceous gases could not account for 16 ± 3 µg of carbon. This amount is similar to the difference in CO abundances for this sample and the analogous H2-free sample. We believe this missing carbon was associated with the manganese when the reaction was prematurely quenched, perhaps as sorbed CO or CO2 (Jehn et aL 1981; Deer, Howie and Zussman 1962) , and was therefore not detected by our methods of inventory. The role of the hydrogen cofactor is not understood. Since the 6-and 15-h inventories accounted for all carbon, the mechanism responsible for the "missing" carbon is short-lived and such carbon eventually reenters the reduction cycle. These curves are similar in character to those obtained by McNichol et al. (1992) , where 1 mg CO2 samples were reduced using either the H2 method or the Fe/Zn method.
Isotopic Fractionation Figure 5 illustrates measurements and models of isotope fractionation in the target graphite as a function of reduction yield. The fractionation expected from isotopic exchange between reactants and products can be predicted through the simple Rayleigh model (Fritz and Fontes 1980) ,
where z (as %o) is the difference in isotopic compositions between a reactant and product in a closed system, f is the fraction of reactant remaining, and a is the isotopic fractionation factor between a particular reactant and product atom at the temperature of reaction. Values for a are usually near unity, and for a < 1 the product is lighter than the reactant (for CO2 C, g13Cc < 813Cco2). The solid curves in Figure 5 illustrate the behavior expected if our system had followed the simple closed-system Rayleigh model-curve A uses the theoretically-derived value for the C02-to-graphite equilibrium fractionation constant (a = 0.9900 at 500°C; Bottinga 1969a,b) whereas curve B uses the "bestfit" value (a = 0.972 ± 0.004). The difference in the curves suggests the significance of kinetically controlled fractionation. One confounding influence is the recycling of the CO2 (Eqs. 2-3, Table  4 , samples S7-S12. Uncertainties for these single (nonreplicated) measurements are within the plotted sample boxes. The dotted line denotes the isotopic composition of the CO2 starting material, derived from SRM 4990C. Both solid curves depict the simple closed-system C02-to-graphite Rayleigh fractionation model (Eq.14); curve A uses the 13C isotopic equilibrium fractionation constant a = 0.990 (Bottinga 1969a,b) and curve B uses a = 0.972, representing the "best-fit" of the observed data to the simple model. The simple model is probably not applicable to our system due, in part, to the recycling of CO2 (Eqs. 2-3) and parasitic reactions (Eqs. 5-6). The dashed curve C best fits our data, and extrapolation of the observed trend to the intercept indicates a = 0.957, a value that accords with other empirical studies (Vogel 1992; Aerts-Bijma, Meijer and van der Plicht 1997) .
(e.g., Eqs. 5-6) also may be significant. We have constructed curve C in Figure 5 as a best model of the observed trend in the data. The intercept of this curve predicts the composition of the initial graphite formed and equates to a = 0.957 ± 0.004. This fractionation constant relates well with isotopic data of comparable systems (Vogel 1992 ; Aerts-Bijma, Meijer and van der Plicht 1997). Additionally, the flatness of curve C at 90-100% yield accords with well-known observations that AMS targets are not significantly fractionated in 14C abundance within this high-yield range.
AMS Analysis of Standards
AMS 14C measurements were made on targets derived from HOxI, HOxII and RM21 at several carbon mass levels, and on various blank targets (Table 5 ). The fM values were corrected as described in "Blank Corrections of Samples". Precisions (combined standard uncertainties; see note $ in Table  5 ) for all but one target bead (520) were predicated by counting statistics, which varied from ca. 1% (516:115 µg C) to 26% (521: 3 µg C). Compared to beaded targets, the previsions for the graphite targets (515, S19) and 520 (RM21: 93 µg C) were lower (0.6-1%) but also exhibited non-Poisson variance, as measured by the ratio of the replication-s to the Poisson-a (see note § in Table 5 ). The reproducibilities of fM determinations on replicate but different-sized beaded target standards containing 12-115 µg carbon (Table 5 , Samples S13, S14, S16, S17) were within 7% and indicative of non-Poisson variance. Measurements on a smaller standard (S18, 5 µg C) were also consistent, with a combined standard uncertainty of ca. 14%. Excluding S18, the average fM() values determined from the HOxI and HOxII beaded targets were 5-7% lower than the values for the graphitic targets, a bias beyond the possible effect of fractionation from incomplete chemical reduction. We attribute this bias to variations in sputtering fractionation through differences in target surface topography and geometry (Nadeau et al. 1987) . Improvements in fM reproducibility may be realized by the matching of samples and standards in target bead size, the development of automated bead mounting procedures, and maximizing counting times afforded by the robust beads.
CONCLUSION
Chemical and isotopic measurements indicate that the closed-tube chemical reduction system, utilizing iron and manganese metals, can be applied to the preparation of AMS targets containing 10-100 µg of carbon. This approach provides significant improvements in the quality and time required for the preparation of small samples: 15 or more hours are needed for 100 µg and 3-6 h for 10 µg of carbon. Under these conditions, S13C measurements indicate that target graphite is isotopically uncompromised.14C measurements, corrected for the procedural carbon blank, show a reproducible bias of ca. 5-7% (relative) in fM determinations between graphitic and beaded standards, possibly an effect of sputtering variations through differences in target nature and geometry. System blanks from 7-day pretreated systems exhibited a lognormal mass distribution of 1.44 µg carbon (central mean) with a standard deviation of 0.50 µg, and fM values ranging from 0.3 to 1.3, translating to 14C reproducibilities of 1-5% for samples containing 100-10 µg carbon, respectively. While we expect that this system could be scaled up to the milligram level, sample sizes smaller than 10 µg carbon suffer from procedural blank variabilities in mass and isotopic composition, leading to low signalto-Poisson noise ratios that preclude high-precision analysis. For example, the combined relative standard uncertainties associated with 14C determinations of 5 µg and 3 µg samples are 15% and 28%, respectively. Future improvements will require more rigorous control over procedural blank sources, size matching of standards and samples, and automated beaded target mounting procedures.
The 813C measurements on the 100 µg samples resulted in an empirical determination of the 13C fractionation factor between CO2 and graphite at 500°C. The "best-fit" value (a = 0.972 ± 0.004), assuming simple Rayleigh behavior, is significantly different from the theoretical equilibrium value (a = 0.990); this difference may be due in part to a kinetic isotope effect during the CO disproportionation reaction (Eq. 3, Table 1 ). Furthermore, the observed trend in the isotopic data suggests that simple Rayleigh fractionation is not a valid model for the Fe-Mn system. Key measurements and full modeling will be required to ascertain the effects of CO2 recycling (Eqs. 2-3) and pertinent parasitic reactions.
